In this study, an aluminum-containing charge was exploded in an enclosed simulation cabin to explore the characteristics of two types of damaging pressure loads formed by internal explosions: the first incident shock wave and the quasistatic pressure. A highfrequency piezoelectric sensor was used to measure the first incident shock wave and a low-frequency piezoresistive sensor was used to measure the quasistatic pressure. After obtaining effective experimental data, the experimental results were compared with the values obtained by the classical calculation model. e results show that the pressure loads generated by the internal explosions from the ideal explosive and the aluminum-containing explosive share similar load characteristics, given the same mass and benchmark explosive. e difference between the two explosives primarily lies in the amplitude of the load parameters. e aluminum-containing explosive has lower first incident shock wave and higher quasistatic pressure than that of the ideal explosive. For the peak overpressure of the first incident shock wave, the explosion shock wave load parameters of the aluminumcontaining explosive, which are calculated based on the explosion heat theory, are higher than the measured values. e peak quasistatic overpressure is directly related to the total energy released by the explosion; however, they are hardly correlated with the reaction process. erefore, the aerobic postcombustion reaction of the aluminum-containing explosive does not affect the analysis and calculation of the peak quasistatic overpressure. As a result, given the heat value of the explosive, the peak quasistatic overpressure of the explosive can accurately be obtained.
Introduction
If an explosion occurs in a limited space, two types of typical pressure loads will be generated: shock wave and quasistatic pressure. Restricted by boundary conditions, the time histories of pressure loads caused by an internal explosion are much more complicated than those generated by an external explosion, and more serious damage will often occur [1, 2] . e shock wave is continuously reflected inside the confined space and superimposed at the corners, causing plastic deformation and local tearing of the structure. e first shock wave is decisive; the quasistatic pressure is considered a decisive factor that triggers structural disintegration and overall destruction based on structural and local damage. erefore, the first incident shock wave and quasistatic pressure are important factors for analyzing and evaluating the damage effect.
Studies on the pressure load characteristics of explosions in enclosed cabins were commenced during World War II [3] . It was originally believed that the reflected shock wave was the main damage load. In the 1960s, the quasistatic pressure load began to receive attention. Relevant books [4] [5] [6] , reports [7] [8] [9] [10] , and manuals [11] [12] [13] mainly covered the relationships between the two types of pressure loads and the mass and position of the explosive, the volume of the confined space, and the area of pressure relief. e calculation model of the two load parameters within a specific scope of application and the interplay between the pressure loads and the structure were also reviewed. ese research findings have achieved the prediction and evaluation of pressure loads caused by internal explosions. In terms of mechanism research, studies on the reflected shock wave mainly included the theoretical calculation of multiple reflected shock waves [14] [15] [16] as well as the interaction between the shock wave and a confined space [17] [18] [19] [20] . Studies on quasistatic pressure mainly covered the calculation of the load parameters of the quasistatic pressure [21] [22] [23] , the effect of postcombustion on the quasistatic pressure [24] [25] [26] [27] , and the effect of the shape and structure of the pressure relief hole on the quasistatic pressure [28] [29] [30] [31] [32] . With the advent of thermobaric explosives, nonideal explosives have recently been used in internal explosions in confined spaces. Unlike ideal explosives, there is little research on the internal explosion pressure load of nonideal explosives [33, 34] . In addition, nonideal explosives tend to have more complicated internal explosion pressure load characteristics due to their complex reaction processes and energy release patterns. As the damage capacity of the internal explosion load increases, and with increasingly high requirements on the structural anti-internal explosion performance, it is important to study the pressure load characteristics of nonideal explosives in internal explosions. In this study, an explosion experiment was conducted in a simulation cabin. Two kinds of pressure sensors were used to simultaneously test the reflected shock wave and the quasistatic pressure. Based on theoretical analysis and calculation, this study aimed to explore the characteristics of pressure loads generated by the internal explosion of an aluminum-containing explosive.
Pressure Load Characteristics of Explosion inside the Cabin
When an explosion occurs in a limited space, the explosive will form a high-temperature and high-pressure detonation product as well as rapidly expand the compressed air to form an explosion shock wave in the air. After the explosion shock wave is separated from the explosive product-air interface, the product continues to expand and gradually mixes with the air compressed by the shock wave. Subsequently, the shock wave reaches the boundary of the finite space and is reflected, and the spatial Euler point exhibits a fluctuating process where the peak pressure is continuously attenuated [23] . e average value of such fluctuating pressure is called the quasistatic pressure. For an observation point on a solid wall, the quasistatic pressure starts from the moment the shock wave first arrives and reflects and continues until it reaches its peak when the detonation product is mixed with the original air. Due to the short time frame, the pressure drop caused by the existence of the pressure relief hole and the heat exchange between the gas and the solid walls can be ignored. e quasistatic pressure continues to decrease over time, and this decay process lasts for seconds. e flow field pressure characteristics of an explosion in a cabin are revealed as the fluctuating pressure featuring constant reflection on the observation point at the bulkhead occurs, which can be decomposed into two types of damaging pressure loads: the first incident shock wave and the quasistatic pressure. e pressure loads can be analyzed and processed relatively independently. e load parameters of the first incident shock wave include the first peak overpressure, positive pressure action time, and specific impulse. e load parameters of the quasistatic pressure include the peak overpressure of the quasistatic pressure, pressure relief time, and specific impulse. e amplitude of the first incident shock wave is typically on an order of magnitude of 10 MPa, and the positive pressure action time is on an order of magnitude of milliseconds, which are typical high-frequency pressure signals. Hence, to test the first incident shock wave, the sensor should have a response frequency of hundreds of kilohertz, and the collector should have a sampling frequency in megahertz. e quasistatic pressure is usually on an order of magnitude of kilopascals, and the pressure relief time is on an order of magnitude of seconds. Moreover, since the quasistatic pressure is the average of the fluctuating pressure, the response frequency of the quasistatic pressure test sensor should be low (kilohertz) to ensure that the data are stable and that it is possible to obtain a smooth test curve.
Explosion Experiment in the Simulation Cabin

Experimental Charge.
To study the pressure load characteristics of aluminum-containing explosives during internal explosions, two propellant grains with different formulas were prepared in the experiment. Formula 1 was made from cyclonite and paraffin; formula 2 was made from cyclonite, aluminum powder, and paraffin. Both the propellant grains were 40 g. To ensure the successful detonation of the propellant grains, each grain was equipped with a small booster grain (5 g 8701 explosive), and the 8 th electric detonator was used to detonate the grains. e detonation parameters of the two explosives were calculated by the commercial software EXPLO5 (OZM Research) for theoretical analysis and calculation. Table 1 shows the composition and theoretical detonation parameters of the experimental charge. With a high content of RDX, the formula 1 explosive will produce a higher detonation velocity and detonation pressure during the detonation reaction. e explosion heat indicates the heat released by the explosion of the explosive. e aluminum powder in the aluminum-containing explosive can lead to intense postcombustion reactions and release of energy, resulting in a higher explosion heat value than the formula 1 explosive. Two propellant grains with different formulas were prepared using the same process. Figure 1 shows the two propellant grains, with the formula 1 explosive (ϕ30 mm × 35.5 mm) on the right and the aluminum-containing formula 2 explosive (ϕ30 mm × 33.9 mm) on the left. ree propellant grains were made using each formula; in total, there were six grains and six internal explosion experiments were carried out. Generally, the density of the prepared grains was approximately 95% of the theoretical density. e TNT equivalents of the explosives with different formulas were calculated based on the explosion heat theory [35] :
where W is the total energy released by the explosive (J), m a is the mass of the actual explosive (g), m TNT is the TNT 2 Shock and Vibration equivalent of the explosive (g), Q a is the theoretical explosion heat value of the actual explosive (J/g), and Q TNT is the theoretical explosion value of the TNT explosive (J/g). If the theoretical explosion heat value of the TNT explosive was 4184 J/g, the TNT equivalent of the formula 1 explosive was 52 g, and the TNT equivalent of the formula 2 explosive was 70 g. Figure 2 shows the structure of the simulation cabin. e inner space was 600 mm × 600 mm × 600 mm. Made of Q235 steel, the bulkhead was 16 mm thick. For the mass of the explosives used in this study, the cabin can be regarded as a rigid body structure. A circular hole with a diameter of 70 mm was drilled in the center of the top bulkhead for placing the charge. ere were four test points on the simulation cabin, which were located at the center of each of the four bulkheads. High-frequency piezoelectric sensors were installed at test points 1 and 2 to test the first incident shock wave. e CY-YD-203T sensors produced by Sinocera Piezotronoics Inc. (Yangzhou, Jiangsu Province, China) were selected. Each sensor had a range 0-30 MPa, an output voltage of 0-5 V, a working temperature of − 40°C to 150°C, and a response frequency of 100 kHz. Low-frequency piezoresistive sensors were installed at test points 3 and 4 to test the quasistatic pressure. e CY-YZ-010 sensors produced by Sinocera Piezotronoics Inc. were selected. Each sensor had a range of 0-1 MPa, an output voltage of 0-5 V, a working temperature of − 40°C to 85°C, and a response frequency of 2 kHz. Figure 3 shows the diagram of interior view of the experimental facility. e charge and gauges are at the same height. For the shock wave test point, the sensors were installed in the through-holes reserved on the bulkhead. ere were tooling parts made from nylon between the bulkhead and the sensor. Characterized by elasticity and insulation, nylon can effectively block interference signals such as mechanical vibration, electrical signals, and stress waves. e sensor was installed in the nylon tooling parts, and there was an interference fit between the nylon sleeve and the through-hole on the bulkhead to ensure a tight installation.
Cabin Structure and Test Methods.
e pressure-sensitive surface of the sensor was flush with the inner side of the bulkhead, and the wires were fixed to prevent shaking. A metal buckle cap was used at the end of the nylon sleeve to compact the entire tooling part. As for the quasistatic pressure test points, nylon sleeves were also installed, and the tooling parts were screwed to the bulkhead to effectively block interference signals such as mechanical vibration, electrical signals, and stress waves. Figure 4 displays the measurement system used in the experiment. An IDH446 data acquisition instrument (HBM, Suzhou, Jiangsu Province, China) was used for data acquisition. A YE5853 charge amplifier manufactured by Sinocera Piezotronoics was used as the charge amplifying device. e high-frequency piezoelectric sensor was connected to the charge amplifier. e sensitivity was set equal to that of the sensor. e amplification factor was three, the charge amplifier was connected to the data acquisition instrument, and the sampling frequency of the two reflected shock wave signal channels was 10 MHz. e low-frequency piezoresistive sensor was directly connected to the data acquisition instrument, and the two quasistatic pressure signal channels had a sampling frequency of 10 kHz. After the explosive was detonated, when the first shock wave was transmitted to the high-frequency piezoelectric sensor, the four channels started collecting data simultaneously.
Results
In terms of the internal explosion pressure load parameters of the two explosives, experimental data were statistically calculated by deleting unreasonable data and averaging the effective data. As shown in Figure 5 , for the first incident shock wave received in the center of the bulkhead, the peak overpressure of formula 1 explosive was 26.65 MPa and the positive pressure action time was 0.072 ms. e formula 2 explosive had a peak overpressure of 19.23 MPa and a positive pressure action time of 0.075 ms. Given the same mass, the peak overpressure of the first incident shock wave of the formula 1 explosive was higher than that of the formula 2 explosive, but its positive pressure action time was slightly shorter than that of the formula 2 explosive. Most of the energy of the aluminum-containing explosive was released by the postcombustion reaction of the aluminum powder, and this energy did not act on the detonation wave front. erefore, the peak overpressure of the shock wave of the aluminum-containing explosive was smaller than that of the ideal explosive. e positive pressure action time of the formula 2 explosive was longer than that of the formula 1 explosive because the postcombustion reaction of the aluminum-containing explosive endowed the shock wave positive pressure zone with more energy, which made the positive pressure last longer. e impulse-time curve of the first incident shock wave has been obtained by integral calculation from the curve in Figure 5 , as shown in Figure 6 .
It can be seen from Figure 7 that, for the quasistatic pressure received by the bulkhead, the peak overpressure of the formula 1 explosive was 0.53 MPa, and the positive pressure action time was 0.25 s. e formula 2 explosive had a peak overpressure of 0.65 MPa and a positive pressure action time of 0.26 s. e formula 1 explosive reached the peak of quasistatic pressure slightly earlier than the formula 2 explosive. Due to the postcombustion reaction of the aluminum powder, the aluminum-containing explosive had a longer reaction time than the ideal explosive; thus, the quasistatic pressure inside the cabin required a longer time to reach the peak. e peak pressure of the formula 2 explosive was significantly higher than that of the formula 1 explosive because the peak value of the quasistatic pressure depends not only on the anaerobic reaction phase of the explosive but also on the energy released during the postaerobic combustion phase. With a strong aerobic postcombustion effect, the aluminum-containing explosive released more energy than the ideal explosive. For example, given the same mass, the aluminum-containing explosive produced a greater quasistatic pressure than the ideal explosive. In the case where the area of pressure released by the cabin was the same, the pressure relief time of the formula 2 explosive was slightly longer than that of the formula 1 explosive because the quasistatic pressure of the aluminumcontaining explosive had a larger overpressure. Furthermore, there was a small difference between the two working conditions in terms of pressure relief time, which indicated that the area of pressure relief had a greater influence on the pressure relief time of the quasistatic time than the peak overpressure. e impulse-time curve of the quasistatic pressure has been obtained by integral calculation from the curve in Figure 7 , as shown in Figure 8 . 
Shock and Vibration
For the aluminum-containing explosive, its internal explosion pressure load characteristics were characterized by a first incident shock wave with a high peak value but short duration and a quasistatic pressure with a low peak value but long duration; this was similar to the pressure load characteristics of the ideal explosive. Compared with ideal explosives, the aluminum-containing explosive had a lower peak overpressure of the first incident shock wave and a shorter positive pressure action time; however, it had a higher peak overpressure of quasistatic pressure and a longer positive pressure action time.
Analysis of Pressure Load Parameters.
To study the internal explosion pressure load parameters of aluminum-containing explosives, the experimental values were compared with the calculated values. e peak overpressures of the two pressure loads were the main parameters examined.
First Incident Shock Wave.
To calculate the reflected shock wave pressure, the incident shock wave pressure should be calculated first. e incident pressure was obtained by using the equation proposed by Wu and Hao [36] :
where p s is the peak overpressure of the incident shock wave (MPa), R is the proportional distance (m/kg 1/3 ), R is the distance from the shock wave to the center of the explosion (m), and m is the TNT equivalent (kg). In the experiment, the two points to test the shock wave were located where the shock wave is normally reflected. Some studies have been conducted on the calculation of the first normally reflected shock wave pressure, which is usually calculated based on the incident shock wave. In this study, the equation proposed by Newsmark [37] , with a relatively large range of application, was selected to calculate the overpressure of the normal reflected shock wave:
where p s is the peak overpressure of the incident shock wave (MPa) and p r is the peak overpressure of the reflected shock wave (MPa) ( Table 2 ). Table 3 is performed based on the theoretical values in Table  2 . As shown in Table 3 , there was a small error between the experimental value and theoretical value of the peak overpressure of the first incident shock wave of the nonaluminum-containing explosive. However, this error was quite large for the aluminum-containing explosive. e classical method of calculating the load parameters of the shock wave caused by an explosion usually involves two parameters: the TNT equivalent of the explosive and the distance from the test point to the bombing point. e TNT equivalent of the explosive is calculated according to the explosion heat theory. e explosion heat value represents the total energy released by the explosive reaction per unit mass. As for nonaluminum-containing explosives, given the explosion heat value of the explosive, the load parameters of the shock wave of the explosive can accurately be determined. Since the aluminum-containing explosive had a strong postcombustion reaction, under the circumstance of the same benchmark explosive, the explosion heat value of the aluminum-containing explosive was larger than that of the nonaluminum-containing explosive. However, the energy released by the postcombustion reaction of the aluminum powder did not act on the us, the explosion shock wave load parameters of the aluminum-containing explosive calculated using the explosion heat theory turned out to be higher than the measured values.
Comparision of experimental and calculated values in
Quasistatic Pressure.
e peak overpressure of the quasistatic pressure is determined by the total energy released by the explosion and the volume of the cabin. In this study, the equation proposed by Anderson et al. [23] was used to calculate the peak overpressure of the quasistatic pressure:
where V is the volume of the cabin (m 3 ), W is the total energy released by the explosion (J), p 0 is the standard atmospheric pressure (MPa), and p QS is the peak overpressure of the quasistatic pressure (MPa). As shown in Table 4 , there was a small relative error between the experimental value and the theoretical value of the peak overpressure of the quasistatic pressure. According to the load characteristics and formation mechanism of the quasistatic pressure, the load parameters of the quasistatic pressure were directly correlated with the total energy released by the explosion of the explosive but were not related to the reaction process. Hence, the aerobic postcombustion reaction of the aluminum-containing explosive does not affect the analysis and calculation of the load parameters of the quasistatic pressure. erefore, if the explosion heat value of the explosive is known, the load parameters of the quasistatic pressure can be accurately obtained.
Conclusion
To analyze the characteristics of the first incident shock wave and the quasistatic pressure formed by the explosion of a charge in a cabin, an internal explosion experiment was carried out in a simulation cabin in this study. Effective experimental data were obtained and compared with the values from the classical calculation model. According to the comparison, the following conclusions were drawn:
(1) Given the same mass and benchmark explosive, the pressure loads generated by the ideal explosive and the aluminum-containing explosive in the enclosed cabin have the same characteristics. e difference between the two explosives mainly lies in the amplitude of the load parameters. e first incident shock wave of the ideal explosive is higher than that of the aluminum-containing explosive; however, the quasistatic pressure of the ideal explosive is lower than that of the aluminum-containing explosive.
(2) For the peak overpressure of the first incident shock wave, since the aluminum-containing explosive has a strong postcombustion reaction, given the same benchmark explosive, the explosion heat value of the aluminum-containing explosive is higher than that of the nonaluminum-containing explosive. erefore, the peak overpressure of the shock wave of the aluminumcontaining explosive calculated based on the explosion heat theory is higher than the measured value. e peak quasistatic overpressure is directly related to the total energy released by the explosion, but they are hardly related to the reaction process. erefore, the aerobic postcombustion reaction of the aluminum-containing explosive will not affect the analysis and calculation of the peak quasistatic overpressure. In other words, given the heat value of the explosive, the peak quasistatic overpressure of the explosive can accurately be obtained. 
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